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Chapter 1
General Introduction
1
CHAPTER 1. GENERAL INTRODUCTION
1.1 Visual Cognition and Gaze Movement
To recognize the world, we need to shift our visual axis to acquire wide range of
visual information in our daily life. The direction of the visual axis in space is
called the gaze. Gaze movements consist of xations and saccadic eye movements.
In the period of xation, the gaze is xated at the place where the detail visual
information needs to be processed. From one xation to the next, the gaze
shift quickly as a sudden change is called the saccade. Less visual information
processed during the period of saccade. Humans and many animals move their
eyes accomplished by alternately continuous xations and saccades to see their
interesting part of the world around(35, 52, 60, 68).
We shift our gaze to acquire visual information, generated by the
motor control system. And the visual information is analyzed by our cognition
system. The command of ongoing action is decided in the cognition system and
sent to the motor control system. The visual information plays an important role
in the ongoing action decision. The close relationship between visual cognition
and eye movements is well known. A famous example is Yarbus’s study of
experimental psychology on eye movement and vision, in which he demonstrated
how tasks inuence eye movements during the observation of a same picture. Scan
path patterns in a stimulus picture varied drastically for dierent questions(67,
68).
The direction of gaze is not only determined by orienting the eyes,
but also the head. The movements of eye and head cannot only be seen in the
men, but also in the women. And the eye-head gaze shift happens not only in the
humans but also in the most of mammals. The movements of gaze accomplished
by the eyes, head and body(3, 13, 18, 19, 21, 23, 24, 26, 28, 62). (gaze direction
= eye in head + head in body + body in space). The eye in head is the position
of the eyes relative to the head. And the head in body is the orientation of the
head relative to the body. The body in space is the direction of chest in space
(Figure 1.1). Research on eye-head motor control and visual cognition, can help
us to understand how eciently our brain processes the visual information and
control our body components. The wide range of real-world applications in the
area of articial intelligence, automatic control, and human robot interaction et
al. are expected.
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Figure 1.1: Single eye-head gaze movement - An example of the time course of
horizontal gaze, eye and head movements during a coordinated eye-head single-step gaze
movement between two target positions. The yellow part shows the period of 50° gaze
saccade.
3
CHAPTER 1. GENERAL INTRODUCTION
1.2 Eye-Head Coordination
The studies on the saccadic eye movements almost have focused on the compar-
ison of amplitude, duration, and velocity of the gaze, the direction of the visual
axis in space. Previous studies have revealed that the saccade duration and peak
velocity increase with the increasing of gaze amplitude(4, 18, 20, 23, 24, 55, 66).
For head-free conditions, the gaze is the sum of the eye relative to the head plus
the head relative to space, the saccadic eye movements are decreased in ampli-
tude, duration, and peak velocity(28). The gaze shifts are more complicated in
the head-unrestrained condition, where gaze shifts are accomplished with com-
binations of eye and head movements. Previous studies showed that there is a
systematic relationship between the saccade amplitude of eye and head during
gaze shifts. In the following sections, I will review the history of each kind of
eye-head coordination in dierent gaze shifts.
1.2.1 Single-Step Gaze Shift
Previous studies used the simple stimuli, e.g. LED lights, to record the gaze shift
from one target to another(1, 2, 17, 18, 19, 20, 21, 22, 38, 47, 55, 56, 65, 69).
During the period of each gaze shift, there is only one eye movement or/and head
movement. This kind of gaze shift is called single-step gaze shift in this study.
Figure 1.1 shows a classic example of the single-step eye-head gaze shift(50). After
the target was present in another place, the eyes left the former xation rst to
move to the direction of the new target. And then, the head starts to move to the
same direction, together with the eyes to direct to the new target. The eyes and
head move together within a short duration about 200 ms, the eyes rst arrive
the position of the target, but the head still move in the same direction. After the
gaze xate the target, the vestibulo-ocular reex (VOR) is switched on, the eyes
move in the opposite direction relative to the head while head continues to move
in the same direction. During the VOR period, the gaze can be maintained at the
target until the head stop to move any more. The period between the eye start to
move and the gaze start to maintain the target is called gaze saccade. During the
period of gaze saccade, the ration between the head motion displacement and the
gaze motion displacement is called head contribution. The time of this period
of gaze saccade is called duration. Previous studies have focused in this short
duration to study the relationship between the eyes and head movement.
4
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Humans have an oculomotor range of approximately ± 55° (26).
It means that the eyes can be oriented to a target located inside the oculomotor
range without head movement. However, gaze saccades in the head-free condition
are more complex. In head free gaze shift, the eyes move without any head
movement in a specic value much less than the oculomotor range, for example,±
18° , which be called eye-only range(EOR), in which gaze shift without any head
contribution(55, 56). The head contribution is a linear function of gaze amplitude
when gaze amplitude is larger than the EOR, relatively constant contribution
ratio to gaze shift was nd between the gaze and head movements(55, 56).
There are also strong relationships between some parameters of the
two components, eye in head and head in trunk, when the gaze shifts beyond the
EOR. For example, the peak velocity of head is a linear function of its size and
duration of the eyes is also a function of head amplitude(38). For simple stimuli
studies, in which the subjects were asked to rotate their head fast between two
targets, the duration of head was almost independent of its amplitude, at about
400 ms(69). The eye-head coordination has been well studied during the single-
step gaze shifts, however, the eye-head coordination during head free condition
remains poorly understood.
1.2.2 Multiple-Step Gaze Shift
Eye-head coordination seems varies depend on the dierent conditions. For ex-
ample, previous studies using simple stimuli have reported that there is no head
contribution during small gaze shifts. However, some other studies in natural
conditions, like reading, have reported head contributed to small gaze shifts even
less than 3° (34, 39, 54). Moreover, the temporal relation between the gaze and
head onsets varies while the target’s predictability. For predictable target, head
preceded the eye by 150-200 ms, and eye preceded the head by approximately 40
ms while the unpredictable target(8). The velocity of gaze and head movement
increases with increasing of the text familiarity(39).
Using such of tasks, only single saccade has been observed and well-
studied. However, sometimes eye and head are coordinated in more complex
manner like, for instance, in multiple-step gaze shifts. There may be multiple
saccades during one single head movement when gaze shifts sequentially such as
during reading(34, 39, 54). The head tends to keep moving from the left to right
(e.g., in English) while shifting gaze on a sentence. A few studies also reveal that
5
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cats make multiple saccades during one head movement. There are also reports of
secondary gaze shifts during a single head movement in other studies that used
rather natural tasks in human, such as making tea, driving, or walking, while
the secondary ones may be regarded as corrective saccades(24, 38, 39). Multiple
saccades during one continuous head movement may not be rare, but still no
serious investigation of this has been reported particularly for everyday life tasks.
1.2.3 Eye-Head Coordination versus Visual Cognition
The eyes and head can be linked in space synchronously to create ecient and
well-coordinated actions. The visual information is brought into the brain vie the
eyes, and then is processed in the brain. The visual cognition system processes
this information and decides following action. The following action signal is
separated into two or more signals such as eye motor signal and head motor
signal, and the signals are transported into the eyes and head motor control
systems respectively. The eyes and head can be composed a well-coordinated
gaze shift to another xation to acquire new visual information. And then the
same work has been circulating to create our daily actions (Figure 1.2). The motor
control system has been well studied. How the eyes and head are controlled to
the target or in other natural visual tasks. However, how the eyes and head are
controlled during the period when the visual information is processing, e.g. in
the period of xation, is still unknown. To investigate the control of the eyes
and head during visual processing can help us to understand the motor control
system and visual cognition system well in natural environments.
There is little known about the relationship between the visual cog-
nition and eye-head coordination. Nakashima and Shioiri reported that the per-
formance was higher when the visual stimulus was viewed straight ahead, than
when viewed laterally. This illustrates the importance of eye-head coordination
during visual cognition, suggesting that a dierence between the eye and head
directions interferes with visual processing(45). The interaction between the eye-
head coordination and visual cognition is still unknown. Until now, there is
no systematic study of eye-head coordination interact visual cognition has been
carried out.
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Figure 1.2: Concept map - The basic relation of the motor control system and visual
cognition system during a sequential gaze shift.
1.3 General Purpose
Although there are a lot of literatures reporting eye-head movement coordination(7,
18, 20, 26, 38, 55, 56, 69), there are few studies examining the relationship be-
tween the head direction and eye distribution during gazing a region in a scene.
Considering that we shift our gaze sequentially in our daily life, it is not enough
that only eye-head coordination during one single saccade has been studied by
using the simple stimulus and tasks. It is important to investigate the motor con-
trol system during the period of xations, in which the more visual information is
processed. And it is also important to investigate the eye-head coordination un-
der sequential gaze movements with continuous visual cognitive processing. The
main goal of this study is focusing on the inuence of visual cognitive processing,
to investigate the eye-head coordination during viewing with cognitive tasks. To
achieve this goal, the movement of the eyes, head and body were measured under
visual searching, natural picture viewing, and dynamic video watching in an 8K
ultrahigh-denition television during sequential gaze movements including gaze
xations and saccades to try to nd out if there any general characteristic of the
eye-head coordination exists in naturalistic conditions.
In this study, we have two primary analyses purposes. First, we
analyzed the distribution of eye position in dierent head orientation to nd out
7
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the relation between eye position and head orientation during visual cognitive
processing. Because the eyes are mobile in the head, eye-head coordination has
been only investigated during gaze shifts, the eye-head coordination during gaze
xations have a poor understanding. However, Nakashima and Shioiri reported
that visual performance was higher when the head and eye oriented in same
directions than when their orientations were dierent (45). Second, we record
the eye and head movements to investigate the eye-head coordination during
multiple saccades. Previous studies have studied the eye-head coordination in
‘one gaze saccade, one eye and one head shift’ conditions using simple stimuli
or tasks, even in some natural tasks, multiple saccades were well observed, the
single saccade was only used to analysis (24, 38, 39). It is important to investigate
the eye-head coordination both during xations and saccades in tasks which are
close to our daily life for better understanding of the natural eye-head shift control
system.
In the following chapters, we described the eye-head coordination
for sequential gaze movement in three dierent tasks close to natural conditions
(Table 1.1). In Chapter 2, we measured the movements of the eyes and head
in 360° surrounding display systems using visual search task. We analyzed the
distributions of eye position of head orientation when the head and eyes were
stationary and the characteristics of multiple saccades during one single head
movement. In Chapter 3, we measured the movements of the eyes and head in
natural picture viewing, 229 subjects have participated in the experiment. We
analyzed the distribution of eye position like in Chapter 2. In Chapter 4, we
measured the movements of the eyes and head during observer were watching
a dynamic video in two dierent view distances in a wide eld of view display,
which is 7,680 pixels wide by 4,320 pixels tall (8K) and is known to provide
realistic dynamic images. And last we summarized our ndings and discussed
the eye-head coordination under three conditions in Chapter 5 and conclude in
Chapter 6.
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Cognitive Tasks
Experiment No. Tasks Stimuli Subjects Visual eld size
1 Visual Search Alphabet (LT) 8 360° × 34°
2 Picture Memory Natural photo 229 57° × 44°
3 Quality evaluation Natural movie 20 120° × 90°
80° × 53°
Table 1.1: Cognitive tasks - Three cognitive tasks with dierent properties were chose
in present study.
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Chapter 2
Experiment 1: Visual Search
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CHAPTER 2. EXPERIMENT 1: VISUAL SEARCH
In this chapter, we examined how the eye and head move in coordi-
nation during a visual search task in a large visual eld.
2.1 Introduction
The relationship between action and visual cognition is one of the central issues in
cognitive science and neuroscience(42, 49) . Interactions of body representation
and movement with vision have been studied in a variety of experiments(1, 3, 11,
22, 25, 41, 51, 64). Among them, the close relationship between gaze shifts and
cognition is well-known. A typical example is Yarbus’s study, which demon-
strated how tasks inuence eye movements during the observation of a single
picture(68). Scan path patterns in a stimulus picture varied drastically for dif-
ferent questions. The eyes and head move in coordination for shifting gaze and a
relationship between eye-head coordination and visual cognition is expected. In-
deed, it has been suggested for visual search. Nakashima and Shioiri reported that
the performance was higher when the visual stimulus was viewed straight ahead,
than when viewed laterally. This illustrates the importance of eye-head coordina-
tion during visual cognition, suggesting that the orientation of the eye and head
is controlled in coordination to shift gaze for high cognitive performance(45).
Previous studies on eye-head coordination have focused mainly on
the mechanistic aspects of the motor control systems, using simple stimuli and
tasks in laboratory environments. They revealed that head movement amplitude
is proportional to gaze shift amplitude(4, 18, 20, 23, 24, 55, 66). More precisely,
head movement amplitude is proportional to the angle of the target with respect
to the head, which is equivalent to the gaze shift amplitude when the eyes and
head are aligned at the initial gaze location. Stahl showed that the head moves
little for gaze shift to a target near the xation, but it moves with the eyes for gaze
shift to a target far from the xation. There appears to be a certain range of gaze-
shift size, within which the head moves little or none (named the“eye-only range”
[EOR]). The EOR varies among individuals, but is about± 18° on average(55).
It has been suggested that its range is determined by a variety of physiological
factors, such as the mechanical rotational limits of ocular motility (about ±
55°)(26), and decreases in xation accuracy and stability at far-eccentric eye
positions. Most previous studies have investigated eye-head coordination during
single gaze shifts, such as gaze shifts from one LED light to the next as rapidly as
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possible, which requires only limited cognitive processing(20, 24, 26, 53, 55, 56,
65, 69). Although several studies have used rather natural tasks, such as making
tea, driving, or walking, analyses of eye-head coordination in these studies were
restricted to single gaze shifts.
The purpose of the present study is to investigate eye-head coor-
dination related to cognitive processing. When we move our gaze to look at a
visual stimulus presented peripherally, the head movements could be predicted
by physiological factors. However, the gaze often shifts sequentially in everyday
life. There is no doubt that gaze shifts are inuenced by information processed
at the previous xation, and control of gaze-shift sequences is likely under the
inuence of visual cognitive processing. Kowler et al. reported that the eyes
sometimes moved in the opposite direction of head movements when reading,
although the eyes and head moved in the same direction more frequently(34).
The opposite eye movements occur when a reader tries to read a word that was
not identied during the previous gaze xation. Cognitive processing should,
at least occasionally, inuence whether eyes move either in the same or in the
opposite direction to the head movement. Investigation of sequential gaze shifts
is important to understand the relationship between eye-head coordination and
cognitive processing. The present study investigated eye-head coordination with
unconstrained body movement while performing a visual search task, which was
chosen as a typical everyday life task(34, 36, 37, 39, 61). We measured eye, head,
and body directions while the subject was searching for a target in a wide eld
of view (360° display). The subject was instructed to nd a target presented on
one of six displays as rapidly as possible, so that he or she had to move the body,
head, and eyes actively, unless the target was presented in the display that the
subject faced at the initial location.
2.2 Experiment
2.2.1 Experiment Setup
Experiments were performed in a darkroom using six liquid crystal displays
(LCDs; MultiSync V321; NEC, Japan), whose refresh rate was 60 Hz, arranged
in the shape of a regular hexagon (Figure 2.1). The displays were centered at the
height of 155 cm, which was slightly higher than the average height of subjects’
eyes from the oor, which was approximately 150 cm. An electromagnetic motion
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tracking system (FASTRAK; Polhemus, USA) was used to measure the orienta-
tion (azimuth, elevation) of two small, light-weighted sensors, one of which was
put on the subject’s head, and the other of which was xed on the back of the
subject to record the orientation of the head-in-space and body-in-space at a 60
Hz sampling frequency with 4 ms latency and 0.15° of accuracy. Eye-in-head
movements were recorded at 60 Hz by an eye tracker (EMR-9; NAC, Japan),
which contains three cameras; two are for recording the position of the two eyes,
while the scene camera in the middle has a eld-of-view of 62° visual angle with
71 ms delay and 0.1° of accuracy. All the eye, head, and body orientation signals
were synchronously recorded by a computer, which also controlled the stimulus
displays. The display was arranged at 60 cm from the center of the area where
the subject moved around during trials.
2.2.2 Stimuli and Procedure
The task was to search for a target“T”among 47 distractors“L”. These were
distributed among the six displays in random arrangements with a restriction
that eight items were to be presented in each display (about 60°× 45°). The
target “T” was rotated by 90° to either the left or right on the screen, while
distractors “L” were rotated by 0°, 90°, 180°, or 270°. The color of the
target and distractors was white (325.6 cd=m2) against a gray background (63.8
cd=m2). The size of the letter was 1.3° × 1.3° (Figure 2.2A). Stimuli were
generated using the Psychophysics Toolbox (9, 48) for MATLAB (Mathworks,
U.S.A.).
Figure 2.2B illustrates the procedure of stimulus presentation for a
trial. A white cross was presented at the center of the front display as a xation
at the beginning of each trial, and the remaining displays were blank screens. One
display was chosen as the front display among the six displays throughout the
experiment. Standing at the center of the displays, the subject faced towards this
front display to look at the xation cross; then he/she pressed a button to start a
trial. Five hundred milliseconds after pressing the button, the xation cross and
blank screens were replaced by the stimulus layouts. Subjects were instructed
to search for a target that was located in one of the six displays as rapidly as
possible. They moved their head and body freely within the area surrounded by
the displays. When they found the target, its orientation was reported by pressing
either of two buttons assigned for each direction (i.e., either left or right). Each
14
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Figure 2.1: Experimental Setup - Experiments were performed in a darkroom using
six 32-inch liquid crystal displays (LCDs; MultiSync V321; NEC, Japan; 60 Hz), arranged
in the shape of a regular hexagon. Eye-in-head movements were recorded by an eye tracker
(EMR-9; NAC, Japan; 60 Hz). Head and body movements were recorded by two small,
light-weight sensors of an electromagnetic motion tracking system (FASTRAK; Polhemus
RS-232, USA; 60 Hz).
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subject had ten practice trials before beginning formal sessions. Each subject
completed 4 blocks, each of which consisted of 48 trials. The subjects took a rest
of about 5 minutes after the initial two blocks.
The eye tracker was calibrated before the experiment and the posi-
tion tracking system was calibrated before each block. The eye and head move-
ment data were recorded during the experiments and later analyzed.
Figure 2.2: Example of visual search stimuli and procedure - (A) The white target
and distractors were laid randomly on the gray background in one display; (B) A typical
frame-presentation sequence for a trial.
2.2.3 Subjects
Experiments were performed on eight human subjects (1 female, 7 males, ages
22-31 years) with normal or corrected to normal vision (only contact lenses were
16
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allowed in the experiment to avoid interference with the eye tracker). We had
only one female and there may have been gender bias. However, no systematic
dierence was found between her and others data. The similar results between
male and female subjects have been conrmed from another experiment with
equivalent numbers of male and female subjects(16). All subjects were students
or sta of Tohoku University and all but one (an author: S2) were nave to the
purpose of the experiments. All experiments were approved by Tohoku Univer-
sity’s institutional review board (H24-2), and all subjects gave written informed
consent before participation.
2.2.4 Data Analysis
The eye positions were recorded as the angle of eye-in-head. For the head and
body movement, the head position relative to the body was obtained by the dif-
ference between the head-in-space and body-in-space (both azimuth and elevation
angles). Gaze position―where the subject was actually looking―was derived by
the sum of the eye-in-head and head-in-space values.
To determine the onset and end of eye and head movements, the
velocity and acceleration of gaze and head movements in two dimensions were
calculated. Saccade onset was dened as the time at which both gaze velocity
and acceleration exceeded the values dened as thresholds: 75=s for velocity and
200=s2 for acceleration. Saccade end was dened as the time at which both the
velocity and acceleration came below the threshold values. Similarly, the onset
and end of the head movement were dened using the velocity and acceleration
thresholds of 20=s and 50=s2, respectively (Figure 2.3). The horizontal and
vertical amplitudes of gaze shift and head movement were dened as the hor-
izontal and vertical angular dierence between the locations of onset and end
respectively. Fixation position was calculated by averaging the eye-in-head data
over the xation period (between the end of a saccade and the onset of the next
saccade), and the head orientation was calculated by averaging the head-on-body
data over the same gaze xation period. Data from one subject was removed
because of errors in eye movement recording likely due to calibration problems.
Since multiple saccades include cycles of xation and gaze shift dur-
ing a single head movement, we expected an eect of visual cognitive processing
on the eye-head coordination. To investigate the eect of saccade numbers, we
rst determined onsets and ends of gaze shifts and head movements. Next, we
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determined the onset or/and end of each gaze saccade inside of each head move-
ment, in order to delimit gaze shifts within each head movement. Finally, we
counted the numbers of saccades during each head movement and calculated the
amplitude of the head movement, as well as the total amplitude of the gaze shifts
during the head movement.
Figure 2.3: Data analysis - An example of trajectories of eye-head gaze movement in
the horizontal from one trial.
2.3 Eye-position Distribution in Visual Search
We obtained the eye-position distribution for dierent head orientations. Since no
xed relationship between the eyes and head is expected, the relationship between
eye position and head orientation can best be described in a probabilistic way,
as the eect of head orientation on distribution of eye positions. Theoretically
speaking, eyes can be directed at any point within the anatomical limit of the
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oculomotor system, wherever the head is oriented. The report on EOR, observed
in studies with simple stimulus tasks, is evidence for the widespread distribution
of eye direction with respect to head direction(55, 56, 61). However, Nakashima
and Shioiri suggested that performance on a visual search task is best when
the eye is in the same direction as the head(45). Such an eect could cause a
systematic relationship between head orientation and eye-position distribution
even under free viewing conditions.
2.3.1 Inuence of Head Orientation
The eye-head coordination reported in the literature is for gaze shifts or saccades(1,
13, 18, 20, 23, 24, 26, 34, 38, 50, 56, 65). We analyzed xation distribution, be-
cause we were interested in eye-head orientation during xations, during which
the visual system processes retinal information. We used data with a stationary
head, which we expected to be inuenced more by the cognitive process. The x-
ation distribution under head movements may include the eect of the movement
control process. Figure 8A shows the distribution of eye positions separately for
dierent head orientations in dierent panels. The horizontal head orientation is
binned and noted at the top of each panel. The ordinate shows the percentage
of xations, and the abscissa shows the horizontal eye position relative to the
head. To approximate the distribution, we tted a Gaussian function to each set
of data using a least squares method. The red line shows the function tted to
the average over subjects in Figure 2.4A, while we tted the function separately
to individual data for the statistical analysis.
The distribution of eye position was biased drastically according to
head orientation. When the head orientated left (or right), the eyes also tended
to direct to the left (or right) relative to the head. To illustrate this eect, we
plotted the peak eye position of the distribution (i.e., Gaussian function) averaged
over subjects as a function of head orientation in Figure 2.4B. Figure 2.4B shows
a clear relationship between the peak eye position and head orientation. The
peak monotonically shifts with head orientation, and the eect is similar on the
left and right sides: symmetric with respect to the origin. When the head was
within ± 15°, the eect of head orientation on eye position was large in terms
of distribution peak, showing a steeper slope. A head orientation shift of 1°
caused a peak shift of approximately 1° of the eye-position distribution. When
the head was outside the range of±15°, the eect became weaker (i.e., the slope
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is shallower); a head orientation shift of 1° caused a peak shift of approximately
0.15° of the eye-position distribution.
2.3.2 Inuence of Head Velocity
We also analyzed distribution of eye position as a function both of head velocity
and head orientation for all gaze xations. The distribution of eye position was
also biased drastically according to head velocity. When the head shifted to left
(or right), the eyes also tended to direct to the same direction relative to the head.
Figure 2.5 shows the eye-position distribution with dierent head orientation and
head velocity in dierent panels. The horizontal head orientation and velocity
are binned and noted at 5 by 5 panels. The ordinate shows the velocity of head
motion, and the abscissa shows the horizontal orientation of head. For each
panel, the ordinate shows the percentage of xations, and the abscissa shows the
horizontal eye position relative to the head. To approximate the distribution, we
tted a Gaussian function to each set of data using a least squares method as the
analysis above. The red line shows the function tted to the average over subjects
in Figure 2.5A, while we tted the function separately to individual data for the
statistical analysis. We also plotted the peak eye position of the distribution (i.e.,
Gaussian function) averaged over subjects as a function of both head orientation
and head velocity in Figure 2.5B. Figure 2.5B shows a clear relationship between
the peak eye position and head motion. The peak monotonically shifts with head
orientation as well as head velocity, and the eect is similar on the left and right
sides: symmetric with respect to the origin. The peak position of the eye position
distribution tended to right/left side relative to the head when the head oriented
and move to right/left.
2.3.3 Discussion
We analyzed distributions of eye position as a function of head orientation when
the head and eyes were stationary. The distribution of eye position was biased
drastically towards head orientation. When the head was orientated to the left
(or right), the eyes also tended to direct to the left (or right) relative to the
head (Figure 2.4). This bias is consistent with the eect of head orientation on
visual cognition reported by Nakashima and Shioiri, which showed that visual
performance was higher when the head and eye oriented in same directions than
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Figure 2.4: Inuence of head orientation on eye position distribution - (A) Dis-
tribution of eye position with dierent head orientations in dierent panels. The horizontal
head orientation is binned and noted at the top of each panel. The ordinate shows the
percentage of the number of xations and the abscissa shows the horizontal eye positions
relative to the head. The red line shows the non-linear tting by a Gaussian function; (B)
The peak of the distribution averaged over seven subjects as a function of head orientation.
The gray line indicates linear t. Error bars represent the standard error of the mean.
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Figure 2.5: Inuence of head orientation and velocity on eye position distri-
bution - (A) Distribution of eye position with dierent head orientations and velocity in
dierent panels; (B) The peak of the distribution averaged over seven subjects as a function
of head orientation and velocity.
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when their orientations were dierent(45). The distribution bias may be a con-
sequence of the eyes trying not to orient in a direction largely dierent from the
head, in order to minimize misalignment of the head and eye. The distribution
bias during xations is consistent with the idea that eye-head coordination is
related to cognitive processing because retinal images are processed during xa-
tion. It contrasts with the eye-head coordination process for movements to shift
gaze(18, 19, 21, 28, 38, 39, 55, 56, 65, 69). The results of eye-position distri-
butions suggest that coordinative control of eyes and head occurs not only for
gaze shifts, but also for gaze xations with the head still, during which the visual
system processes retinal information.
It should be noted that the measurable range of the eye tracker we
used was limited within ± 31° from the head center. Because of this limitation,
peak estimation was performed with little information on either side of the peak
for the data with large head orientations (> 60°). However, we believe that the
accuracy of peak estimations here is sucient for the present analysis because
the estimated peaks are along the line of the peaks of smaller head orientations
(30°‒ 50°).
We also compared the standard deviation of the eye-position distri-
bution for evaluation. The standard deviation of eye-position distribution clas-
sied based on both head orientation and velocity is signicantly smaller than
that classied based on either (Figure 2.6). The results suggested that the gaze
direction can be predicted as a distribution function with a standard deviation
of less than 10° by analyzing both head orientation and velocity.
2.4 Multiple Saccades during Visual Search
2.4.1 Multiple Saccades
Figure 2.7 illustrates four examples trajectories of eye and head movements for
horizontal components during the initial 2 seconds of four dierent trials. At
the beginning of a trial, the subject scanned items on the front display with
few head movements and the gaze location was virtually identical to the eye-
in-head location. After searching the initial display, the head usually moved in
coordination with the eyes to search other displays. On some occasions, there
was a single action of the head and eyes, where the head and eyes moved in
coordination as reported in previous studies for a single gaze shift (see Figure
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Figure 2.6: The standard deviation of the eye-position distribution - The bars
represent the mean standard deviation of eye position distribution classied based on ori-
entation or velocity of head movement. Error bars represent the standard error of the
mean.
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2.7A). On other occasions, however, there were multiple saccades during one
head movement (see Figures 2.7B, 2.7C, and 2.7D). This type of eye and head
movements is very dierent from the eye-head coordination reported in single
gaze shifts.
Figure 2.8 compares four examples trajectories of eye and head
movements for vertical components of the same four dierent trials. Because
the onset and end of gaze and head movements were determined in two dimen-
sions, both horizontal and vertical components share the same onset and end of
each gaze and head movements. Dierent with the horizontal component, eye
and head moved little, and the eyes moved more exibly relative to the head in
the vertical component (see Figure 2.8D).
The number of saccades during one head movement varied from
one to more than four. Figure 2.9 shows the percentage of head movements
for dierent numbers of saccades. The percentage of head movements with one
saccade was about 43%; head movements with multiple saccades occurred more
frequently (see the pie chart in Figure 2.9). Head movements with two saccades
occurred less frequently than did those with a single saccade, about 36%, and the
frequency of head movements decreased as the number of saccades increased. To
our knowledge, this is the rst quantitative report of eye-head coordination with
multiple saccades during one head movement.
2.4.2 Head Contribution
We analyzed the contribution of head movements to gaze shifts, following previous
studies that reported EORs of about± 18° and a constant contribution ratio of
head movement to gaze beyond the EORs(18, 20, 55). Figure 2.10A compares the
amplitude of head movement against the total amplitude of gaze shift for dierent
numbers of saccades for horizontal and vertical components. The total amplitude
of gaze shift here was dened as the dierence between the positions of rst gaze
onset and last gaze end during a single head movement, including the one closest
to the onset of head movement and the one closest to the end. In Figure 2.10A,
rows indicate head movements with dierent number of saccades. The results for
the other six subjects are similar. Three regions with dierent slopes are observed
in head movements with one and two saccades, a pattern similar to that found in
single gaze-shift experiments. Contrary to previous reports, however, there were
some head movements even with gaze shifts smaller than ± 18°.
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Figure 2.7: Examples of trajectories of eye and head movements in horizon-
tal. - Four examples of eye (blue), head (black), trunk (green) and gaze (red) rotational
trajectories and head velocity (green) during the initial two seconds of each trial. The
plus marker shows the onset of each movement, and the star marker shows the end of
each movement. A saccade is the distance from plus marker to a star marker. Fixation
is from the star to the plus marker. Upward deection of the traces indicates rightward
movement. The rst vertical dashed line across each trace represents the onset of head
movement, while the second dashed line represents the end of head movement. One saccade
(A), two saccades (B), three saccades (C), and four saccades (D) in one head movement
are shown in the four examples, respectively.
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Figure 2.8: Examples of trajectories of eye and head movements in vertical. -
Four examples of eye (blue), head (black), trunk (green) and gaze (red) rotational trajec-
tories during the initial two seconds of the same trials with Figure 2.7. The plus marker
shows the onset of each movement, and the star marker shows the end of each movement.
A saccade is the distance from plus marker to a star marker. Fixation is from the star to
the plus marker. Upward deection of the traces indicates upward movement. The rst
vertical dashed line across each trace represents the onset of head movement, while the
second dashed line represents the end of head movement. One saccade (A), two saccades
(B), three saccades (C), and four saccades (D) in one head movement are shown in the
four examples, respectively.
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Figure 2.9: Frequency of head movements for dierent number of saccades. -
The mean rate of head movement for dierent gaze saccade numbers from seven subjects.
Error bars represent standard error of the mean.
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Figure 2.10: Contribution of head movements to gaze shifts. - (A) The amplitude
of head movement against the total amplitude of gaze shift for dierent numbers of sac-
cades in horizontal and vertical components respectively for one subject. (B) Comparison
between the horizontal and vertical of the average and tted line of head vs. gaze ampli-
tude changes for dierent numbers of saccades. (C) The average magnitude of the slope
varied across dierent numbers of saccades. Error bars represent the standard error of the
mean.
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More importantly, the slope in the central region changed with the
number of saccades: the more saccades there are, the steeper the slope is. The
magnitude of the slope indicates how much head movement contributed to gaze
shift: a slope of one indicates 100% and one of zero indicates 0%. For quantitative
analysis, we obtained the slopes by tting a line to the head amplitude averaged
for each bin (10° separations) of gaze shift amplitude (black dots in Figures
2.10A and 2.10B). For the slope estimation, we chose the gaze shift range of ±
30° and ± 20° as the central region for horizontal and vertical components
respectively, considering the histogram of head movement amplitudes (Figure
2.10A). The slope of the central region was estimated for individual subjects and
the averages across subjects with the standard errors of the mean are plotted in
Figure 2.10C.
The magnitude of slope varied systematically across dierent sac-
cade numbers for both directions: 0.23 in the horizontal component and 0.11 in
vertical component for one saccade and 0.44 and 0.30 for three saccades. An
ANOVA showed signicant dierences in slope between head movements with
dierent numbers of saccades both in the horizontal component [F(2,12) = 5.83;
p < 0.05], and in the vertical component [F(2,12) = 4.03; p < 0.05]. We also
found that the contribution of head movement to the gaze shift was larger in the
horizontal component that in the vertical one [t(6) = 3.25, p < 0.05].
2.4.3 Head Duration and Peak Velocity
We further investigated two features of eye-head coordination. First, we analyzed
the similarity of movement direction between the head and gaze. The observa-
tion of trajectories of the head and gaze suggested that the direction of sequential
saccades and head movement are often the same, when multiple saccades occur
in one head movement (Figures 2.7B 2.7D). For example, if the gaze shifts to a
particular direction to search for the target, sequential saccades and head move-
ment in the same direction would be ecient for the search. This was conrmed
by analyzing the similarity between saccade and head movement directions. The
majority of sequential saccades were in directions similar to the head movement.
The percentage of head movement with multiple saccades, whose direction ranged
between± 45° with respect to the direction of head movement, was 88.3%. This
is approximately the same as that for movement with a single saccade, which was
89.7%. We also compared the direction between the gaze and head movements
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in the horizontal and vertical component, analyzing the results separately for the
two directions. In the horizontal component, 91.77% of gaze shift the same direc-
tion with respect to the direction of head movement, and 63.81% in the vertical
component [t(6) = 12.7, p < 0.001].
Second, we analyzed the speed and duration of head movements.
Figure 2.11 compares the duration (A) and the maximum speed (B) as a function
of the gaze-shift size. Dierent symbols represent dierent saccade numbers. The
eect of gaze shift is shown in both duration and maximum speed, which both
increase with gaze-shift size for all saccade numbers. The increase of peak head
speed with increases in gaze amplitude is consistent with previous studies(38, 69).
There is also an eect of saccade numbers, but this is shown clearly only on
duration. Peak head speed is approximately constant for a xed size of gaze
shift, with little inuence by the number of saccades.
2.4.4 Comparison of Horizontal and Vertical Movements
There are reports of dierence in eye-head coordination between the horizon-
tal and vertical directions in the literature(23, 24, 54, 65). The present results
showed, on one hand, that the eect of saccade number was similar between the
horizontal and vertical head movements. On the other hand, we found two dier-
ent aspects between the two directions. First, the contribution of head movements
to gaze shift was larger in the horizontal component (35%) than in the vertical
component (20%), being consistent with the results in Tweed and Vilis(65). Sec-
ond, the directions between the gaze and head movements, thus between the eye
and head movements, were dierent more often along the vertical axis (46.2%)
than along the horizontal axis (8.2%) (Fig 2.12). This is consistent with the re-
port of Goossens and Van Opstal, where they reported that there were sometimes
only one saccadic position change in vertical component whereas there were two
saccadic position changes in horizontal component due to one oblique and one
horizontal saccades during a single horizontal head movement(24). Both of their
and our results suggest dierent control of eye movements between the horizontal
and vertical directions with the same head movement.
The present results, together with previous studies, suggest the in-
dependent control for vertical and horizontal eye movements. Whether they share
a common eye-head coordination process or not is a question remained. Simi-
lar eect of saccade number for head amplitude found in the present experiment
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Figure 2.11: Duration and speed of head movements to gaze shifts. - Head
duration (A), and maximum speed (B) plotted against total gaze amplitude change for
seven subjects. Dierent markers represent the dierent saccade numbers during one head
movement. The lines show the linear ts. Error bars represent the standard error of the
mean.
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Figure 2.12: The frequency of gaze and head in same direction - The frequency
of gaze and head in same direction between in horizontal and vertical component. Error
bars represent the standard error of the mean.
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(Figure 2.10C) may support a common eye-head coordination process while the
dierence in direction similarity between the eyes and head may not. They may
be related to the assumption of two control systems for eye-head coordination:
one in the perceptual system and one in the cognitive system(39, 54). The similar
characteristic for horizontal and vertical direction may originate to the high level
cognitive process and the dierent characteristic may originate to the low level
perception/sensation process.
2.4.5 Discussion
The present experiment showed that single head movements with multiple sac-
cades constituted as much as 57% of the total number of head movements with
saccades (Figure 2.9). These results are very dierent from the ndings of previ-
ous studies using simple tasks, where eye-head coordination was derived from a
single head movement with one saccade(18, 19, 20, 21, 55, 56, 65, 69). The eye-
head coordination shown for single gaze shift with a simple task is likely related
to estimation of the cost and benet of head movement(55, 56). In contrast, we
consider the possibility that eye-head coordination with multiple saccades may
be related to cognitive processes below.
Figure 2.10 shows that the contribution of the head movement in-
creased with the number of saccades both in the horizontal and vertical com-
ponents. This indicates that the head moved more for the similar size of gaze
amplitude when there were more saccades within the head movement. Typical
examples are shown in Figure 2.7. The head movements indicated by the two
dashed red lines in Figures 2.7A and 2.7D are similar in gaze shift. Figure 2.7A
shows 45° gaze shift with one saccade during 12° head movement and Fig-
ure 2.7D shows 44° gaze shift with four saccades during 29° head movement.
Interestingly, eye position in the head tended to be less oscillated with larger
numbers of saccades. Figure 2.7A shows that the largest change of eye position
is about 38.4° whereas Figure 2.7D shows the largest change of about 7.6°.
We may expect higher cognitive performance with larger numbers of saccades if
we assume that visual processing is stable with a constant eye in head position
comparing with larger oscillations of eye positions. When performing a task such
as visual search, the visual system may try to minimize oscillation of eye position
by increasing the number of saccades for conservation of cognitive performance.
This is one possible account for the multiple saccades during a single head move-
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ment although it is no more than a speculation. Further studies are necessary to
investigate the issue.
The proportional relationship between head movement duration and
gaze amplitude is not consistent with previous studies. Previous research showed
that the duration of head movement was around 400 ms, independent of gaze
size, for experiments in which subjects were asked to shift the gaze between
two targets presented at separate locations(38, 69). In the present study, the
duration of head movements varied from 200 ms to 800 ms, dependent on the
gaze amplitude and the number of saccades. The dierence is perhaps because of
the multiple saccades. Multiple saccades within a single head movement should
increase head movement duration. One cycle of xation and saccade takes at
least about 200 ms and more saccades require more time.
Multiple saccades appeared independently with head velocity (Fig-
ure 2.11B) while the duration of head movement became longer with larger num-
ber of saccades (Figure 2.11A). They indicate that head movement is controlled
considering the number of saccades. Since the duration varies without velocity
change, the duration change is not likely due to the head movement control for
single gaze shifts, where increase of the gaze amplitude increases the duration
and velocity(18, 19, 20, 21, 38, 55). We expect that this eye-head coordination
for multiple cycles is related with cognitive processes because target identication
processes and/or visual strategy for visual search are very likely included during
the head movement period. This is another support for eye-head coordination of
cognitive processes.
These observations of eye-head coordination during visual search
are consistent with the previous physiological studies on cats(5, 6). Bergeron et
al. showed that a cat makes multiple saccades during one head movement and
they revealed that cat superior colliculus encodes the overall amplitude of gaze
displacement with the head movement, not the amplitude of individual saccade
in the sequence. This suggests that eye and head movements in coordination with
several saccades can be controlled as a single complex action. A cognitive process
may program such a complex action with multiple saccades for conservation of
cognitive performance as speculated above.
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2.5 Chapter Conclusion
The present study revealed two novel characteristics of eye-head coordination,
by means of a visual search experiment in which the eyes, head, and body were
allowed to move without restriction. The rst characteristic of eye-head coordi-
nation is the eect of head orientation on the distribution of eye position, when
the visual system is processing retinal images. The second one is multiple sac-
cades during a single head movement. This has also been suggested, but has not
been systematically analyzed, in simple and natural tasks(24, 34, 38, 39, 50, 54).
Both ndings indicate the occurrence of eye-head coordination that works over
several saccade-and-xation sequences, including xation periods, within which
the visual system processes retinal information. We conclude that there is a sys-
tem of eye-head coordination for visual cognitive processing, in addition to one
for motor control.
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In this chapter, we calculated the head-based eye-position distribution
using empirical data obtained from the task where the observers viewed a natural-
scene image.
3.1 Introduction
In the head-xed condition, observers show a tendency to xate the center of the
screen when viewing scene images on computer monitors(58, 59). That is, when
the head directs straight ahead, eye-position distribution should be concentrated
on the same direction of the head. We have already known that the eye-position
distribution biases toward the head orientation in visual search task from Chapter
2. Then, when the head directs to left or right when observers are viewing a static-
natural picture, how would the eye-position distribution be? Further, when the
head directs to up and down, how would it be?
In this study, we examine the relationship between the head direc-
tion and eye distribution during the static-scene viewing, focusing on their hor-
izontal and vertical relationships. Based on the center gaze bias hypothesis(58,
59), when the head directs straight ahead, the eye position distributed centering
the head direction even though the head is not xed. The studies about eye-head
movement coordination reported that, when an observer shifts the gaze to the
left (right) side, the head moves to the left (right) and the eye directs to the left
(right) relative to the head(55). Based on the results, if the head direction bias
the eye position as well as the head movement, when the head directs to the left
(right), eye distribution would be biased to the left (right) relative to the head.
When compared with a lot of literatures about the horizontal eye-head movement
coordination, there are few literatures about the vertical eye-head movement co-
ordination and much of the issue would be unclear(17, 19). We examine whether
the relationship between the vertical head direction and the eye distribution is the
same or not as the relationship between the horizontal head and eye directions.
We used the scene viewing task where observers could move their eyes and head
freely, because we want to know the eye-head relationship under the preferably
natural condition.
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3.2 Experiment
3.2.1 Experiment Setup
Presentation of the stimuli was controlled by a computer, using the Psychophysics
Toolbox(9, 48). Stimuli were displayed on a 100-inch screen by the short focus
projector (NEC). FASTRAK (Polhemus RS-232 60Hz), an electromagnetic mo-
tion tracking system, was used to track the orientation (azimuth, elevation) of one
small sensor put onto the subjects’ head to record the orientation of the head.
Eye movements were recorded by an eye tracker, EMR-9 (Nac 60Hz), which con-
tains two cameras to record the position of both eyes and one 62° scene camera
and oers the eye tracking measurement and analysis systems. The start times
of the measurement of the head and eye positions in one trial were controlled by
the computer.
3.2.2 Stimuli and Procedure
Thirty natural scene images were prepared for the stimuli in this experiment.
These images were indoor scenes and outdoor scenes, containing relatively many
objects (see Figure 3.1). The size of each image was about 57° × 44° of visual
angles.
The experiment was held at a light booth in an event site. An
observer sat on the chair in front of the screen (Figure 3.2). The viewing distance
was about 125 cm. The viewing distance could not be xed because observers
were allowed to move their head freely. Before the experiment, the observer put
the sensor on his/her head and wore the eye tracker, and the calibration was
conducted. The observer was instructed to view a natural scene image displayed
on the screen for 5 seconds. Each observer viewed three images, and the eye and
head orientation data were recorded during the 5 seconds image viewing.
3.2.3 Subjects
Two hundred twenty-eight observers participated in this experiment. All of them
had normal or corrected-to-normal vision.
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Figure 3.1: Examples of stimuli - The pictures are all shot in natural conditions. Each
image contains many objects. The size of each image was about 57° × 44° of visual
angles with viewing distance of 125 cm.
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Figure 3.2: Experimental setup - Each observer viewed a natural scene image presented
on the screen, with an eye tracker and a head movement sensor.
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3.2.4 Data Analysis
We extracted the horizontal and vertical position coordinate data from the eye
and head data. Almost all head orientation data, in both horizontal and vertical
orientation, (above 96% of all the direction) were distributed within± 12° (plus
means “right” in the horizontal data and “upper” in the vertical data), and
we analyze the relationship between the eye and head orientations within this
range. We wanted to clarify the relationship the static head orientation and
gaze distribution. We dened the data where the head velocity was less than
3=s as the static head data, and analyzed these data. Then, to determine the
onset and end of eye movements for dening the xation position, we calculated
the velocity and acceleration of gaze movements. Saccade onset was dened as
the time when both gaze velocity and acceleration exceeded the values: velocity:
50=s and acceleration: 150=s2. Saccade end was dened as the time when
both the velocity and acceleration came below the values (see Chapter 2). We
calculated the xation position by averaging the eye-in-head data over the xation
period i.e., between the end of a saccade and the onset of the next saccade.
We analyzed the head data, and head movement onset and oset
was used the thresholds both in head velocity and acceleration in two dimensions:
3=s in velocity and 10=s2 in acceleration of head movement respectively. The
horizontal and vertical amplitudes of gaze shift and head movement were dened
as the horizontal and vertical angular displaces between the locations of onset
and end respectively. We used the same method to investigate the eect of
saccade numbers as mentioned in Chapter 2. And we can count the number of
saccades during each head movement period and calculated the contribution of
head movement, as well as the total amplitude of the gaze displacement during
each head movement.
3.3 Eye-position Distribution in Static Scene Viewing
3.3.1 Results
We analyzed the horizontal and vertical components of the eye and head orienta-
tion data separately. Figure 3.3 shows the horizontal and vertical head orientation
distributions. Clearly there is a tendency that head directs to the same orienta-
tion to the body, because this can be a natural posture.
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Figure 3.4 shows that the eye-position distribution of all the ob-
servers when their head directed to several orientations. In the horizontal di-
rection, there was a clear relationship between the eye distribution and the head
orientation. When the head pointed to the left or right, the peak frequency of eye
position shifted also to the left or right (relative to the head), respectively, and
when the head was centered, the peak of the frequency distribution for the eye
position was relatively centered in the head. These results are consistent with the
previous study reporting the center gaze bias (58, 59) and the head induced gaze
bias(16). In contrast, there was no relationship between the eye positions and
head orientations in the vertical elements. That is, the vertical head orientation
did not bias the eye-position distribution. To approximate the distribution, we
tted a Gaussian function to each set of eye position data using a least squares
method, and plotted the peak eye position of the distribution (i.e., Gaussian func-
tion) as a function of head orientation (Figure 3.5). There was a clear correlation
between the peak position of the horizontal eye distribution and the horizontal
head orientation, whereas no correlation between the peak position of the vertical
eye distribution and the vertical head orientation. These ndings suggest that
the mechanism of head-eye coordination may function only horizontally at least
under the present condition.
3.3.2 Discussion
We showed the relationship between the eye-position distribution and the head
orientation (i.e., the eye-head coordination) during the natural scene viewing. In
concrete, the horizontal xation distribution was biased by the horizontal head
direction, whereas the vertical xation distribution was not. The distribution
of eye position was biased drastically towards head orientation. When the head
was orientated to the left/right, the eyes also tended to direct to the left/right
relative to the head (Figure 3.4). However, in vertical direction, the eye dis-
tribution always kept the central bias as Gaussian distribution independent the
head orientation. The bias in horizontal is consistent with the results of visual
search experiment in Chapter 2. In visual search experiment, the stimuli were
presented in six displays; the view of eld was wide in horizontal direction but
lack of motion change in vertical direction. But in the analysis of saccades, the
dierent movements between horizontal and vertical component was showed in
visual search experiment.
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Figure 3.3: Head orientation distribution - (a) the horizontal head orientation and
(b) the vertical head orientation distributions. In each graph, most of the head orientation
distribution was limited within ± 12°.
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Figure 3.4: Eye position distributions with several head orientations - (a) the
horizontal eye position and (b) the vertical eye position distributions. Each graph shows
that eye position distribution relative to the head orientation.
The eye movements seem more exible in vertical component than
in horizontal. That may explain the peak position of eye distribution relative
to head orientation various in two components. Nakashima and Shioiri have
shown that visual performance was higher when the head and eye oriented in
same directions than when their orientations were dierent(45). The distribution
bias may be a consequence of the eyes trying not to orient in a direction largely
dierent from the head, in order to minimize misalignment of the head and eye.
Because the eye movements are more exible in vertical, the eyes are easier to
minimize the misalignment to the head. The distribution bias during xations
is consistent with the idea that eye-head coordination is related to cognitive
processing because retinal images are processed during xation. It contrasts with
the eye-head coordination process for movements to shift gaze(18, 28, 38, 39, 55,
56, 65, 69). The results of eye-position distributions suggest that coordinative
control of eyes and head occurs not only for gaze shifts, but also for gaze xations
with the head still, during which the visual system processes retinal information.
The head orientation information can be obtained from the gait
analysis or from the analysis (46) of the moving picture by the normal cameras
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Figure 3.5: The peak eye position of the distribution (i.e., Gaussian function)
as a function of head orientation - (a) the horizontal eye positions and (b) the vertical
eye positions. In each graph, the regression function between the peak eye position and
the head orientation is also showed.
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such as the monitoring cameras or security cameras(10). That is, it is relatively
easy to obtain/calculate the head orientation information. Strictly speaking,
the individual dierence of the eye-head coordination is relatively large(14, 16,
55). However, based on the results of this study, we suggest that the rigorous
relationship between eye and head directions (i.e., gaze bias by head orientation)
may be necessary to improve the gaze prediction. We believe that the bias of eye
distribution with head orientation in natural scene viewing could be relatively
easy to apply to the gaze prediction in the natural environment, such as in a
shopping center, tourist spot, museum and so on.
3.4 Multiple Saccades during Picture Memory
3.4.1 Results
Figure 3.6 shows the frequency of multiple saccades during one head movement
for all subjects. The percentage of head movements with one saccade was more
than half of all head movements, about 60%. Then, the head movements with
two saccades were about 23%. The frequency of head movements decreased as
the number of saccades increased as the same tendency of the results showed in
Chapter 2.
We also analyzed the contribution of head movements to total gaze
shifts, following the former study in Chapter 2. Figure 3.7 compares the head
contribution to the total amplitude of gaze shift for dierent number of saccades
for horizontal and vertical components. Because the individual data was too
lack to analysis, we calculated all of 229 subjects in one gure. Even though,
the results have shown a very strong consistency. The slope changed with the
number of saccades as the results from visual search experiment in Chapter 2:
the more saccades are, the steeper the slope is. Which means the head movement
contributes more in the same amplitude of gaze shift. For the slope estimation,
we chose the gaze amplitude range of ± 30° both for horizontal and vertical
components, considering the histogram of head contribution (Figure 3.8). The
magnitude of slope varied systematically across dierent saccade numbers for
both horizontal and vertical components: 0.04 in the horizontal component and
0.02 in vertical component for the head movements with one saccade. 0.12 and
0.13 for two saccades, 0.21 for both horizontal and vertical components for three
saccades.
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Figure 3.6: The frequency of head movements with dierent number of saccades
- The horizontal axis shows the number of saccades during a single head movement. The
vertical axis shows the frequency of head movements with each number of saccades.
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Figure 3.7: Head amplitude versus gaze amplitude - The amplitude of head move-
ment against the total amplitude of gaze shift for dierent numbers of saccades in horizontal
and vertical components respectively. The grey dots are the individual head movement with
saccades, and the red dots are the average for each bin with interval of 3 degrees.
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Figure 3.8: Head contribution with dierent numbers of saccades - The average
magnitude of the slope varied across dierent numbers of saccades both in horizontal and
vertical. Blue bars represent the horizontal component and red bars represent the vertical
component.
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3.4.2 Discussion
The present study showed that there are also single head movements with multiple
saccades while viewing a static natural picture both in horizontal and vertical
components. Figure 3.8 shows that the head contribution increased with the
frequency of saccade both in horizontal and vertical components as the similar
as the results from visual search experiment in the wrap-around displays. This
means head moves more while there are more saccades occurred during a whole
multiple-step gaze shift.
There is no dierence in the average head contribution between the
horizontal and vertical components should be noted, this result is inconsistent
with that in the previous chapter. In previous chapter, there was a signicant
dierence in the average head contribution between the horizontal and vertical
components. Even though the distribution of head amplitude versus gaze ampli-
tude in vertical does not seem as centralized as that in horizontal.
We know that the horizontal and vertical eye motion controls are
independent. However, the similar head contribution between two components
seems suggesting that they share a common eye-head coordination process. The
eld of view may play an important role in eye-head coordination is a remained
question.
3.5 Chapter Conclusion
We investigated eye-head coordination while viewing a natural static picture in
horizontal and vertical component respectively. The present study reveals that
head orientation inuences on the distribution of eye positions for static-pictures
observation both in horizontal and vertical directions. And the present study also
reveals that head contribution increases with the increasing of saccades frequency
both in horizontal and vertical components.
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In this chapter, we investigated the relationship between eye-position
distribution and head-orientation while viewing dynamic images in an 85 inch 8K
ultrahigh-denition television (UHDTV).
4.1 Introduction
Visual attention selects potentially important information from a vast amount
of the visual input we obtain in everyday life. The visual system analyzes ob-
jects attended. If the location of attention focus could be predicted from scene
information, it is useful in many elds, such as evaluation of TV programs, adver-
tisements, web design, and trac environments and so on. Indeed, several visual
attention models have been proposed to predict attention focus (or gaze location),
calculating visual salience from stimulus images, since a pioneer work by Itti et
al (31, 32). However, the model predictions are successful only in limited cases,
and researchers have found diculties to build a general-purpose model.
Some of authors of the present study have proposed a technique to
improve the predication of attention location, using head orientation information(43).
This proposal is based on the fact that head orientation biases eye positions and
information of head orientation narrows the area of attention focus predicted
by an attention model. Although this model requires head orientation not as
other models, it can improve the accuracy of prediction in general situations.
The model can be used to estimate, for example, customers’ attention in shops,
where the head orientation can be obtained from monitoring cameras.
The proposed model with head orientation used the relationship
between eye position and head orientation that were obtained from an experi-
ment of scanning static images of natural scenes(43). To generalize the model,
it is necessary to investigate eye-head coordination with dynamic images. The
present study investigated relationship between eye and head movements while
the subject was watching ultrahigh-denition natural movies in a wide eld of
view display. This ultrahigh-denition video system has been named ‘Super
Hi-Vision’ in Japan(15, 57). The ultrahigh-denition is a video format of wide
eld of view display, which is 7,680 pixels wide by 4,320 pixels tall (8K) and is
known to provide realistic dynamic images.
The purpose of the present study is to investigate eye-head coordina-
tion under naturalistic conditions. Thus, we are interested in eye-head coordina-
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tion for dynamic images on the wide eld of view display. Systematic relationship
between the eyes and head during gaze movements has been reported in several
studies(18, 26, 36, 70). When we shift our gaze to far peripherally (< 30°), an
eye movement is frequently accompanied by a head movement, whereas head is
stationary for small-gaze shifts(55, 65). The head-movement amplitude is pro-
portional to the gaze-shift amplitude for the large gaze shifts. However, most of
these studies used single gaze shifts. Gaze shifts sequentially during everyday life
tasks such as reading or driving and the eye-head coordination may not be the
same as that for single gaze shifts(34, 36). The present study investigated eye-
head coordination while watching dynamic and realistic natural scenes on Super
Hi-Vision.
4.2 Experiment
4.2.1 Experimental Setup
Experiments were performed in a darkroom of the NHK Science and Technology
Research Laboratories using an 85 inch display (189 cm × 110 cm, 16:9), which
has a resolution of 7,680 by 4,320 pixel (33.2 megapixels), whose refresh rate
is 60 Hz (Figure 4.1). An electromagnetic motion tracking system (FASTRAK;
Polhemus, USA) was used to measure the orientation (Azimuth and elevation,
static accuracy orientation: 0.15°) of two small, light-weighted sensors. One of
the sensors was put on the subject’s head, and the other one was xed on the
back of chair in which the subject was sitting. These two sensors were used to
record the orientation of the head related to body at a 60 Hz sampling frequency.
Eye movements were recorded at 60 Hz by a wearable glasses-typed eye tracker
(EMR-9; NAC, Japan), which contains three cameras; two are for recording the
position of the two eyes, while the scene camera in the middle has a eld-of-
view of 92° visual angle. All the eye, head, and chair orientation signals were
synchronously recorded by a computer. The stimulus movie presented on UHDTV
display was controlled by another computer. Recording and start playing of
movie were synchronized by hand, pressing buttons simultaneously to initiate
the processes of the two PCs. The time was conrmed by the video recorded
from the EMR-9.
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Figure 4.1: Experimental setup - Each observer watched a 15 min dynamic natural
scene movie presented on the UHDTV, with an eye tracker and a head movement sensor.
For each subject, two dierent viewing distances of same movie were presented.
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4.2.2 Stimuli and Procedure
A fteen minutes soundless ultrahigh-resolution movie of real-world scenes was
presented on the display. The movie included the people such as walking in
streets, surng, paragliding, and playing football, and nature scenes such as sun
rising, sea of clouds, owers, animals and so on.
The subject was asked to perform two simple tasks, while watching
the movie with free eye and head movements. One was to press a key when they
noticed the change of scene (usually between clips), and the other was to estimate
the degree of blur by pushing the joystick forward when they noticed blurring of
the image (sometimes fast motion created image blur). Each subject watched the
same movie twice with two dierent viewing distances: 55 and 110 centimeters,
in which the visual angles of the display were 120° by 90° and 80° by 53°
respectively. Half subjects watched with 55 cm viewing distance rst and then
110 cm distance and the other half did it in opposite order. The subjects took a
rest of about 5 minutes after the rst viewing distance of movie watching.
The eye tracker was calibrated before watching the movie. The eye
and head movement data were recorded during the movie was being displayed
and analyzed later.
4.2.3 Subjects
Experiments were performed on twenty adult human subjects (5 males, 15 fe-
males; overall age ranging from 22 to 50 years; mean age: 37.6 years; SD: 8.74
years) with no known eye or head movement disorders and with normal or cor-
rected to normal vision (only contact lenses were allowed in the experiment to
avoid interference with the eye tracker). All subjects were naï ve and paid for
the experiment.
4.2.4 Data Analysis
The eye positions were recorded as the angle of eyes relative to the head. The
head orientation relative to the body was obtained by the dierence between the
two sensors, one of which was put on the subject’s head, and the other of which
was xed on the back of chair. Gaze position was derived by the sum of the eye
positions and the data of head orientation relative to the body (Figure 4.2).
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Figure 4.2: Example of one trial - The horizontal data of initial movements of the
eyes and head in 10 seconds. The xations are showed in black dots.
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　To determine the saccade and xation of gaze movements, the ve-
locity and acceleration of gaze movements were calculated. The onset of saccade
was dened as the rst frame at which both gaze velocity and gaze acceleration
exceeded thresholds: 30=s for velocity and 50=s2 for acceleration. In a similar
fashion, the end of saccade was the rst frame at which both velocity and acceler-
ation fell below the thresholds. The period of xation was determined as the time
between the end of the previous saccade and the onset of the next saccade. The
eye position and head orientation were calculated by averaging the data of eye
and head movement in each xation period. Using the pairs of head orientation
and eye position data, eye-position distribution was obtained after classifying the
head orientation for several bins with interval of 3° for head movements within
± 7.5° (the data beyond ± 7.5° were pooled into one bin for each direction).
We analyzed the head movement onset and oset by using the
thresholds of head velocity and acceleration in two dimensions: 10=s in ve-
locity and 20=s2 in acceleration of head movement respectively. The horizontal
and vertical amplitudes of gaze shift and head movement were dened as the
horizontal and vertical angular displaces between the locations of onset and end
respectively. We used the same method to investigate the eect of saccade num-
bers as mentioned in Chapter 2 and Chapter 3. And we can count the number of
saccades during each head movement period and calculated the contribution of
head movement, as well as the total amplitude of the gaze displacement during
each head movement.
4.3 Eye-position Distribution in Quality Evaluation
4.3.1 Results
Figure 4.3 illustrates the distribution of head orientation. The distribution varies
with viewing distances. Figure 4.3A and 4.3B show the distribution of head orien-
tation in horizontal direction, where positive numbers indicate the right. Figure
4.3C and 4.3D show the vertical orientation, where positive numbers indicate
the upward. The numbers above the histogram indicate the viewing distance,
55 cm or 110 cm. Head orients more in the center than in the lateral region in
all four combinations of viewing distance and movement directions. This shows
clear tendency that head keep the same orientation with body while watching the
dynamics images, which is similar to the previous study with static images(43).
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Figure 4.3: Head orientation distribution - The distribution of head orientation in
horizontal and vertical of dierent viewing distances during the period of xations.
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The range of head movement, that is how largely head-orientation
distributes from body direction, can be estimated by the standard deviation of the
distribution of head orientation. The standard deviation analysis demonstrated
that head moved more widely with a 55 cm viewing distance than with a 110 cm
viewing distance both in horizontal [4.87 vs. 6.76, paired t-test, t(19) = -5.76, p
< 0.001] and in vertical [5.75 vs. 7.73, paired t-test, t(19) = -4.35, p < 0.001]
directions. These results indicate that head moves more with the closer viewing
distance than with the further viewing distance.
The eect of display size on head movements found in this experi-
ment is consistent with that for using simple LED stimuli and tasks. Experiments
with simple stimuli and tasks reported that head moves more with larger gaze
shifts(55, 65). In the present experiment, the display size is larger in visual angle
with closer viewing distances, and thus larger gaze shifts are expected to occur
to look at the same locations in the images in the two viewing distances. There-
fore, larger head movements are expected with closer viewing distances because
of larger gaze shifts.
Figure 4.4 shows the distribution of eye positions for dierent ranges
of head orientation separately in dierent panels; the data labeled 0° has eye
positions with head orientation between ± 1.5°. Similarly, ± 3° indicates
between±1.5° and± 4.5°,±6° indicates between± 4.5° and±7.5°, and
± 9° ± 21° indicates between ± 7.5° and ± 22.5°. Positive in horizontal
direction indicates right relative to the body, and positive in vertical indicates
up relative to the chest direction dened as the facing direction of the chair.
The ordinate shows the percentage of the number of xations and the abscissa
shows the eye direction relative to the head. We tted a Gaussian function to
each set of data using a least squares method to approximate the distribution of
eye positions. The red line in each histogram shows the function tted to the
distribution of eye positions.
The distribution of eye positions was biased according to head ori-
entation for all four combinations of two directions (horizontal/vertical) and the
two viewing distances (55/110 cm). Specically, the eyes tended to direct in the
left/right (or up/down) relative to the head when the head orientated to the
left/right (or up/down). To illustrate this eect clearly, we plotted the peak po-
sition of the eye-position distribution as a function of head orientation in Figure
4.5. They were obtained from the tted Gaussian function for each subject and
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Figure 4.4: Eye position distribution - The distribution of eye positions for dierent
ranges of head orientation separately in dierent panels.
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averaged over 20 subjects. Dierent colors of symbol represent the dierent view-
ing distances: blue represents 55 cm and red represents 110 cm viewing distance.
The line shows a linear function tted to the data points. Error bars represent
the standard error of mean.
A relatively simple relationship is seen between the peak eye posi-
tion and head orientation in Figure 4.5. Peak position monotonically shifts with
head orientations, and the eect is similar on the horizontal and vertical sides.
The slope of the tted lines shows magnitude of head orientation eect on eye
positions: steeper indicates larger contribution. Although the slope averaged over
subjects is larger for 55 cm viewing distance than for 110 cm viewing distance
(0.56 and 0.57 for 55 cm; 0.39 and 0.37 for 110 cm), a paired t-test shows no
signicant dierence either in horizontal [paired t-test, t(19) = 1.18, p = 0.25] or
in vertical [paired t-test, t(19) = 1.01, p = 0.33] direction.
For a gaze shift with a head movement, sometimes the eye starts to
move earlier than the head and sometimes the head starts to move earlier than
the eye. Which starts earlier likely depends on the cue that attracts gaze. Doshi
and Trivedi reported that sudden, bottom-up visual cues tend to evoke eye-head
movements with eye movement latency shorter than head movement, and that
top-down, task-oriented attention shifts tend to evoke eye-head movements with
head movement latency shorter than eye movement. In the present experiment
eye and head were under the complex condition of coordination of both top-down
and bottom-up attention since there were lots of peripheral cue and move objects
were presented on the display(12). It is hard to know which attention inuences
more. We analyzed the data for each gaze shift, and dened the relative latency
between the eye and head for the gaze. We found that head movement latency
was shorter in most of the gaze shift in 110 cm viewing distance (49%) and in
55 cm (50.9%) which are signicantly larger than that head movement latency
was longer in gaze shifts (gure 4.6). Note that sometimes head keep moving for
multiple saccades and comparison of latency was not possible in the same manner
as for a single gaze saccade. We analyzed the gaze shift within a period of± 0.1s
of the start of a head movement.
Figure 4.6 shows that the average number of gaze move onset before
(blue) or after (red) of one head move onset in dierent viewing distances. The
post-head onset, which means the gaze move onset is later than the head move
onset, is signicantly larger than the pre-head onset both in 110 cm (paired t-
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Figure 4.5: The peak eye position of the distribution (i.e., Gaussian function)
as a function of head orientation - (a) the horizontal eye positions and (b) the vertical
eye positions. In each graph, the regression function between the peak eye position and
the head orientation is also showed. The number of eye-movement onset for each head-
movement onset for dierent viewing distances.
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test, t(19) = -3.6, p < 0.01) and in 55 cm (paired t-test, t(19) = -3.5, p < 0.01)
viewing distances. That shows the head move earlier than eye does is much more
during watching the movie in which condition is most close to the daily life.
Figure 4.6: Onset dierences between the eyes and head - The number of eye-
movement onset for each head-movement onset for dierent viewing distances. Error bars
represent the standard error of the mean.
4.3.2 Discussion
The experiment showed that the relationship between eye and head orientations
is helpful to estimate gaze locations in dynamic images. The distribution re-
sults indicate that the head orientation provides information about eye positions.
When the head was orientated to the left (or right), the eyes also tended to direct
to the left (or right) relative to the head (Figure 4.4). This relationship is consis-
tent with that from the experiment using visual search and static scene viewing
tasks(44). This information can be used to improve prediction of the gaze lo-
cation by saliency map models. We have proposed a method of improving the
prediction of attention focus by using the relationship between the distribution
of eye positions and head orientation(43).
65
CHAPTER 4. EXPERIMENT 3: QUALITY EVALUATION
Eye-head coordination in vertical direction was similar to that in
horizontal direction in the present experiment. But it is dierent with the results
from the natural scene viewing experiment. In static picture viewing, the eye
distribution bias with head orientation only in horizontal direction. When the
head was orientated to the upward (or downward), the eyes also tended to direct
to the upward (or downward) relative to the head (Figure 4.4). The slope in
vertical direction was similar to that in horizontal direction, 0.35 and 0.57 for 110
cm (53°) and 55 cm (90°). This indicates that vertical head orientation can
also be used for gaze prediction. We will be working on prediction of attention
focus by the model using the eect of head orientation on the eye movement from
the present experiment.
The magnitude of head orientation eect can be evaluated by the
slope of the function of eye distribution peak against head orientation. The slope
in the present experiment was 0.39 for 110 cm (80° in visual angle) and 0.56 for
55 cm (120°) for the head orientation range of ± 22.5° for horizontal direction
and 0.35 and 0.57 for 110 cm (53°) and 55 cm (90°) for vertical direction
although no signicant dierence was shown between the two viewing distances
for both directions. A previous study investigated eye-head coordination during
visual search and estimated the slope of the eye-position peak vs head orientation
function. The slope in the visual search experiment was around 0.96 in the region
of about±20°. The visual stimuli were presented in a 360° visual angle display
system in the visual search experiment. There may be general trend that slope
increases with display size in visual angle. Perhaps, head movements are more
important for wider eld of view and recoding head movement as well as eye
movements helps evaluation of display and contents for wide eld of view displays
4.4 Multiple Saccades during Movie Watching
4.4.1 Results
The frequency of the head movements with saccades was showed in Figure 4.7.
The percentage of head movements with one single saccade were 51% in 55 cm
viewing distance and 72% in 110 cm viewing distance. The frequency of head
movements decreased as the number of simultaneous saccades increased.
The head contribution to the total gaze shift was analyzed following
previous Chapters. Figure 4.8 and Figure 4.9 compares the amplitude of head
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Figure 4.7: The frequency of head movements with dierent number of saccades
- Blue bars represent the viewing distance of 55 cm and red bars represent the viewing
distance of 110 cm. Error bars represent the standard error of the mean.
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movement against the total gaze shift amplitude for horizontal and vertical com-
ponents both in two dierent viewing distances. The data are from all 20 subjects
is plotted in the gures for easy to see the eect. The individual data was an-
alyzed to calculate the head contribution to the total gaze amplitude for each
head movement with saccade inside. The total gaze amplitude range of ± 30°
was chosen both for horizontal and vertical components for the slope estimation.
The average magnitude of slope for 20 subjects with dierent number of saccades
for both horizontal and vertical as well as dierent viewing distances are shown
in gure 4.10. The head contribution increases with the saccade number under
all conditions. The data of the magnitude of slope varied across dierent saccade
number under dierent conditions are shown in the table 4.1.
Head Contribution for Total Gaze Shift
Saccade Horizontal Vertical
Number 55 cm 110 cm 55 cm 110 cm
1 0.18 ± 0.00 0.13 ± 0.01 0.12 ± 0.00 0.05 ± 0.01
2 0.33 ± 0.01 0.26 ± 0.02 0.21 ± 0.01 0.19 ± 0.02
3 0.46 ± 0.01 0.49 ± 0.01 0.32 ± 0.01 0.29 ± 0.02
Table 4.1: Magnitude of Slope - The data of the magnitude of slope varied across
dierent saccade number under dierent conditions.
4.4.2 Discussion
The present study showed that there are head movements with the concurrent
multiple saccades while watching the Ultrahigh-denition movie on the wide eld
of view display. The head contribution increases with the total gaze amplitude
and increases with the number of saccades in the same amplitude of gaze shift for
all conditions. Head moves more while more saccades occurred simultaneously
during a multiple-step gaze shift. This result is consistent with that found in
visual search and static picture viewing experiments.
The head contribution during the small gaze shift is very dierent
with the nding of previous studies with single-step gaze shift by using simple
stimuli or tasks. The head movements contribute to the small gaze shift is incon-
sistent with eye only range but consistent with that in reading and other daily
life tasks. In simple stimuli experiments, the only thing need subjects to do is
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Figure 4.8: Head amplitude versus gaze amplitude - The amplitude of head move-
ment against the total amplitude of gaze shift in the viewing distance of 55 cm for dierent
numbers of saccades in horizontal and vertical components respectively. The grey dots are
the individual head movement with saccades, and the red dots are the average for each bin
with interval of 3 degrees.
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Figure 4.9: Head amplitude versus gaze amplitude - The amplitude of head move-
ment against the total amplitude of gaze shift in the viewing distance of 110 cm for dierent
numbers of saccades in horizontal and vertical components respectively. The grey dots are
the individual head movement with saccades, and the red dots are the average for each bin
with interval of 3 degrees.
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Figure 4.10: Head contribution for dierent conditions - The average magnitude
of the slope varied across dierent numbers of saccades in for dierent conditions. Error
bars represent the standard error of the mean.
to orient their eyes and head to a lack information target. There could also be
secondary saccades occurred at the start or end of head movement only to ad-
just the nal position of the eyes and head. But in present study, the secondary
and third even more saccades are not only occurred in the start or the end of
head movements. They continue to occur during the sequence of head stable and
move. We can consider these continuing movements may be related to cognitive
processes.
The head contribution increases with the number of saccades during
one single head movement. It is consistent with the nding of reading. Kowler
et al. found that head movements can increase the rate of saccades. We have
known that holding the head interfere with oculomotor performance. And the
nding from visual search of Nakashima and Shioiri also suggested that poor
performance when the eyes are in lateral position relative to the head. When
the eyes start to move away from the center position relative to the head, the
cognitive performance becomes poor. The farer the distance is, the poorer the
cognition is. Head movement can help the eyes return to the center position to
the head for better cognition performance. The more saccades are occurred, that
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may mean the more visual information needs to be processed, and the more head
movements occurs to help the eyes return to the best cognitive position, as we
know, the central position relative to the head. This is one possible explanation
for head contribution increases with the number of saccades during one single
head movement.
4.5 Chapter Conclusion
We investigated eye-head coordination while watching a natural movie on ultrahigh-
denition television. The present study reveals that head orientation inuences
on the distribution of eye positions for dynamic-images observation both in hor-
izontal and vertical directions. And the present study reveals that the head
contribution increases with the increasing of saccades frequency in two dierent
view distances both in horizontal and vertical components.
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The studies presented in this thesis investigated the eye-head coordi-
nation in the sequential gaze shifts under visual searching, natural pictures view-
ing, and dynamic video watching conditions. It was possible to nd important
properties of eye-head coordination by analyzing multiple saccades, which men-
tioned in previous studies but have not been systematic analyzed by using only
simple stimuli or single gaze shifts analysis. In the next section, the principal
contribution of this study will be summarized.
5.1 Eye-Head Coordination in Natural Conditions
5.1.1 Eye-Position Distribution on Head Orientation
The head orientation eect, the slope of eye distribution peak position to the head
orientation, between three conditions was showed in Figure 5.1. In horizontal,
head orientation eect on eye distribution in the visual searching in 360° display
is signicantly larger than that in the others. And in vertical, the eect of head
orientation in dynamic video watching is signicantly larger than that with static
stimuli.
In horizontal direction, three experiments have shown the similar
results of head orientation eect on eye-position distribution. The dierent be-
tween the head eect may due to the dierence of tasks. The task in visual search,
subjects have to nd the target among distractors as soon as possible. In static
scene viewing and dynamic movie watching tasks, subjects need to sit and watch
the picture or movie. The stress level of tasks may inuence the eect of head
orientation on the eye-position distribution. This dierent head orientation eect
could also be considered to be the cognitive requirement or the magnitude of
attention. Contrast to the visual search, the static pictures and dynamic movies
were all took from our daily life, in which subjects may more familiar to these
scenes. That means subjects do not need to pay more attention to process the
cognition in natural conditions. But they may pay more attention and cognitive
processing to nd out the target more accurately.
In vertical direction, the eect of head orientation on eye-position
distribution was only appeared in the experiment of dynamic movie watching.
There are possible reasons why the results were dierent in three experiments.
First, that may be the dierent between the movie and stationary scene. The
moving object may attract subjects’eye easier than other stationary conditions,
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Figure 5.1: Head orientation eect - Comparison of the head orientation eect of
three experiments with dierent view of angle
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so the range of eye and head movements are higher in vertical than that in
stationary condition. Second, the sizes of viewing angle in vertical direction were
dierent among three experiments. In the visual search experiment, there was
only 10° in vertical. About 42° in static picture viewing experiment. But in
dynamic movie watching experiment, there were about 53° in 100 cm viewing
distance and 90° in 55 cm viewing distance. The size of viewing angle may
inuence of the eect of head orientation. The slope of 90° is larger than that
in 53° in vertical of dynamic movie watching experiment. Although it is not
signicant dierence, it may be the possible reason of dierence of the eect of
head orientation on eye-position distribution among three conditions.
The eect of head orientation to the eye-position distribution seems
varies with the size of viewing angle. There may be a general trend that slope
increases with display size of visual angle. To examine whether the head orien-
tation eect varies with the size of the visual angle, we plotted all slope data for
dierent viewing angle of individual subject from all three experiments including
both the horizontal and vertical components. For the visual search experiment,
we chose 180° in horizontal instead of 360° because that is the widest eld
size of simultaneous visible eld in a 360° display. And 34° of the visual angle
is used as the vertical eld of view. For the static picture experiment, 57° for
horizontal and 44° for vertical eld of view. Because there were two dierent
viewing distances in the dynamic movie experiment, the dierent size of view-
ing angle of same content are presented for the subjects: 120° × 90° for the
viewing distance of 55 cm, and 80° × 53° for the 110 cm of viewing distance.
The slope of head orientation versus the peak position of eye position distribution
from individual can be plotted in one gure for dierent size of viewing angle.
Figure 5.2 shows the head orientation eect to the eld of visual
angle. Head orientation eect increases with the size of the eld of view. The
correlation coecient of 0.64 was shown between the head orientation eect and
the eld of view. By using t-test for correlated samples, the correlation between
the head orientation eect and the eld of view can be determined (t(95) = 7.97,
p < 0.001). It suggests that, the wider the range of view eld is, the eyes are
farer away from the center of the head during the xations. For the purpose of
acquiring more information from wide world, our eye and head are controlled in
coordinated to look as wide range as possible.
It also should be noted that there were individual dierences in
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visual search experiment. And there seems be at least one more relationship
between the head orientation eect and eld of view. Regarding the head ori-
entation eect on eye position distribution, two separate systems are possible.
First, head orientation eect keeps constantly with the eld of view. Second,
head orientation eect increases with the size of viewing angle. It is possible
that at least some of gaze control only related to low-level eye-head coordination,
where the eyes and head move in coordinated as manifested in the simple stimuli
and tasks. But in our present experiments, it is revealed some of gaze control
related to high-level eye-head coordination, where the eye and head movements
are controlled by our brain via the analysis of the cognitive information. There
should be other factors inuence the head orientation eect on the distribution
of eye position. It could be tasks, could be stress level, and so on. It is clear that
the eye-head coordination can be inuenced by the visual cognitive information.
Figure 5.2: Correlation between the head orientation eect and the eld of
view - The correlation coecient is 0.64 (p < 0.001).
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5.1.2 Multiple Saccades during a Single Head Movement
Multiple saccades during one single head movements were frequently observed
in natural conditions. Eye-head coordination in multiple saccades has been in-
vestigated in present study. Multiple saccades have been suggested in previous
studies, but not been systematic investigated(5, 6, 24, 26, 27, 28, 34, 36, 38, 39).
In present study, we analyzed the head contribution in multiple saccades, and
found that the contribution of head movement increased with the increasing of
the number of saccades during one head movement. Head duration was increased
with the number of saccades as the same with head contribution. However, the
velocity of head seems independently with the number of saccades.
Head contribution increases with the increasing of the gaze ampli-
tude. This result is consistent with the previous studies, in which simple stimuli
and single-step gaze shift were used(1, 2, 17, 18, 19, 20, 21, 22, 38, 47, 55, 56,
65, 69). In previous studies, the range in which the head has no contribution
to the gaze shift was found in head free conditions. The head contribution in-
creases with the size of gaze shift only when the gaze shift beyond that 'Eye only
range'(55, 56). However, the head movements contribute to the small gaze shifts
that inside of the 'Eye only range' showed in all three experiments. It is consistent
with the nding from the reading studies, in which, they found head can move
even in the very small gaze shifts(34, 39, 54). We may expect better cognitive
performance with less deviation between the eyes and head, so the head start to
move to follow the eye movement as soon as possible to decrease the deviation
between the eyes and head.
Head contribution also increases with the number of saccades. All
the three experiments have revealed this eect not only in horizontal but also
in vertical component (Figure 5.3). From the previous studies, the head con-
tribution was a xed quantity relative to the gaze shift. The change of head
movement amplitude can be considered to be increased with the increasing of
gaze amplitude(55, 56, 65, 69). That means, if the total gaze shift amplitude was
the same, no matter the number of saccades occur, the head movement should
contribute the same. However, the results from our three experiments do not
agree with that. Multiple-step gaze shifts are composed of more than one sac-
cade and xation during one continuous head movement. Because the head still
keeps moving during each period of steady xation, the eyes must counter rotate
relative to the direction of head movement to keep gaze in steady. The more sac-
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cades occur, the xations follow. That also means the more visual information
we want to process. Therefore, compare with the single-step gaze shift, the eyes
have less eccentric angle, head contribution increase with the number of saccades.
Figure 5.3: Head contribution with dierent numbers of saccades - The average
magnitude of the slope varied across dierent numbers of saccades both in horizontal and
vertical for all three experiments. Blue bars represent the horizontal component and red
bars represent the vertical component.
We compared head contribution varies with the eld of view just like
the head orientation eect. Figure 5.4 shows that head contribution also increases
with the increasing of the eld of view for each number of saccade happens. The
correlation coecient of 0.64 for one and two saccades and 0.43 for three saccades
during one head movement was shown between the head contribution and the eld
of view. By using t-test for correlated samples, the correlation between the head
contribution and the eld of view can be determined (p < 0.001). It suggests that,
maybe, the head movements was commanded by the judgment of how wide the
eld of view before gaze shift starts. This is another evidence of that our eye-head
motor control system is inuenced by our cognition system systematically.
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Figure 5.4: Correlation between the head contribution and the eld of view for
the head movements with dierent number of saccades - The correlation coecient
is 0.64 (p < 0.001) for the head movement with one saccade and two saccades. And the
correlation coecient is 0.43 (p < 0.001) for the head movement with three saccades.
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5.2.1 Eye-Head Coordination in Natural Conditions
We investigated the eye-head coordination in various conditions, including visual
search, static picture viewing and dynamic movie watching. The conditions are
closer to our daily life than previous studies. In previous studies, eye-head coor-
dination has been well studied limited during the period of gaze shift, in which
eye and head move with little cognitive processing(55, 56, 65, 69, 70).
In present study, we focused on the eye-head coordination with the
cognition. Not only the periods of saccades, but also the periods of xations
have been investigated. During the xations, the visual system processes retinal
information. There is no study on eye-head coordination during xations because
the eyes are mobile in the head. The eyes can xate anywhere independent
with the head orientation. The analysis of eye-position distribution relative to
head orientation may provide another method for understanding the eye-head
coordination better.
This study described the eye-head coordination during multiple sac-
cades occur in one single head movement. The head contribution, duration and
velocity have been analyzed as a function with the simultaneous total gaze am-
plitude and the number of saccades. The numbers of saccades seem to prolong
the head movement in amplitude and duration but not inuence the velocity of
head. The characters of multiple saccades have been analyzed in visual search
experiment. It is convinced that the multiple saccades also occur in the other
two conditions.
It is clear that the eye-head movements are very task-dependent(60,
67, 68). Although present study and many other previous studied on eye-head
coordination in various close-daily life tasks, there are many others that should
be studied, in various environment situations and in voluntary or involuntary
actions.
5.2.2 Applications in Saliency Map
People generally obtain a lot of information through their eyes in their daily life.
However, people cannot process all information of the visual scene simultaneously.
While viewing a visual scene, the eyes shift (via saccadic eye movements) two or
three times each second to bring dierent scene regions onto the fovea, where
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visual acuity is highest(29). Across saccades, visual encoding is suppressed(40).
That is, our visual processing is accomplished during our eyes xate on one local
area. Therefore, if we can know where people look (i.e., xate), we can provide
information to them eectively. To achieve the goal that we can know the gaze
positions of people easily, a new method for predicting gaze location is required
now.
In the literatures of computer vision, many methods have been pro-
posed to predict our gaze location(29, 30, 31, 32, 33). One of the most general
methods for the gaze prediction is the saliency map(31, 32, 33). The saliency
map is a topographically arranged map that represents visual saliency of a vi-
sual scene, based on the visual features of the scene such as color, luminance,
orientation, and so on. The saliency map is based on the bottom-up architecture
of visual attention proposed by Koch and Ullman (1985)(33). The gaze position
prediction by the saliency map is based on a hypothesis that attention (and gaze)
tends to be attracted by the salient region in a scene. This method is easy to
apply to the gaze position prediction because the saliency map can be created
based on only the visual features (i.e., bottom-up factor), not observer’s inten-
tion or purpose (i.e., top-down factor). However, the gaze position prediction
accuracy of the original saliency map is relatively low especially when observers
view a natural scene(30, 63).
The information of head direction could be used for improving the
accuracy of gaze prediction. Actually, in accord with the knowledge introduced
above, a saliency map model combined with the probability distribution of eye
direction based on the head orientation has been proposed by Nakashima et al.
The evaluation result revealed that the model with the information of head ori-
entation were signicantly higher than that of the original saliency map (F(2, 58)
= 342.11, p < 0.001). The result shows that the accuracy of the gaze prediction
model is improved when the saliency map and the head orientation information
are combined (Figure 5.5). That is, we suggest that the head orientation infor-
mation is very useful for gaze prediction.
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Figure 5.5: Saliency map with head information - The concept of an attention model
with a saliency map and head-based gaze distribution.
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The studies presented in this thesis investigated how the cognitive
processing inuences the eye-head coordination during the sequential gaze shifts
in our daily life. By using the eye position distribution and head contribution
while multiple saccades, it was possible to nd important properties of motor
control system and visual cognition system which would have been dicult to nd
using only simple stimuli or single gaze shifts.
6.1 Major Findings
6.1.1 Eye-Position Distribution on Head Orientation
The bias of eye-position distribution relative to head orientation has been rstly
found in this study for all three conditions. When the head oriented to the
left/right, the eye rotated to the same direction relative to the head instead
staying the center position of the head, where the best cognitive performance
can be acquired. This eect can be considered that the eye-head coordination
is controlled not only for the better cognitive processing, but also for the wider
range visual information acquiring.
This eect between the eyes and head only can be described in
sequential gaze movements. For the eyes are mobile in the head, it is dicult to
nd any relationship between the eyes and head during xation. The xation is
a period during which the visual information can be processed and transported
to the brain. This statistical relationship between the eyes and head can let us
better understand the relationship between the eye-head motor control system
and the visual cognition system.
6.1.2 Head Contribution versus Multiple Saccades
The head contribution increases with the number of saccades occurring with the
head movements has also been found rstly in this study for all three conditions.
In the same amplitude of gaze shifts, the head contribution increasing means the
eye total eccentricity decreasing. That means, the more saccades occur, the eyes
are trended backward the center of the head for the purpose of better cognition.
A better cognitive processing can be acquired while the eyes with the
same direction of the head. Multiple saccades accompanied by multiple xations
during one continuous head movements are combined into the sequential gaze
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shift in our daily life. How the eyes coordinated with the head during sequential
gaze movements was discovered in this thesis.
We can conclude that our eyes and head are controlled in coordi-
nated with our cognition system. The head movements are controlled for the
purpose of wider eld of view. The head turn to the left/right, the eyes are con-
trolled to the same direction to acquire the visual information from much wider
eld of view. On the other hand, the eyes are also controlled for the purpose
of better cognition. During head movement, the eyes return backwards to the
center of the head not only for the stability of the gaze xation, but also for a
better performance of cognitive processing.
6.2 Concluding Remarks
In summary, we revealed the eye-head coordination in three dierent tasks: vi-
sual searching, static picture viewing, and dynamic movie watching. The eye-head
coordination analyses in two kinds of dierent gaze movements, xation and sac-
cade. The main ndings in this thesis are that the eye-position distribution biases
as the head orientation during the period of xations. The head contribution and
duration increases with the increasing of the number of saccades occurred during
its movement. These ndings provide important evidence for understanding the
eye-head coordination during cognitive processing better and can be applied in
gaze estimating and attention models.
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